Proper grazing management reduces ET from grasslands by reducing transpiration losses and grazing- 
tion, soil water content, air temperature, vegetation diversity and density, energy availability, and canopy structure. The canopy structure in native prairie grasslands of the Northern Great Plains is typically sparse B iomass production on semiarid grassland is limited and generally not the dominating factor in determining primarily by lack of soil water (Rogler and Haas, ET rates. Stewart and Verma (1992) confirmed the inde-1947; Coughenour, 1985) . The native grass species that pendence of latent heat flux (LE) and LAI by showing occur on the mixed-grass prairie of the Northern Great no effect on ET for LAI ranging from 0.5 to 1.7. They Plains evolved under limited water conditions (Axelrod, showed further that ET was reduced because of an in-1985) . These grasses often have leaf characteristics that crease in aerodynamic resistance to canopy water vapor favor water conservation, such as reduced stomatal size flux. Ham and Knapp (1998) found that energy fluxes and distribution, surface ridging, leaf rolling, pubesduring senescence caused a shift from a LE-to a sencence, epicuticular waxes, and early senescence (Frank sible heat (H)-driven system. Overall, grazing-induced et al., 1996) . Hanks et al. (1968) found that when soil changes in energy partitioning and canopy structure water was not limiting, ET for native grasses was nearly generally increase evaporative processes and decrease equal to pan evaporation whereas the ratio of ET to plant transpiration processes in grasslands. pan evaporation was 2 for oat (Avena sativa L.) and 1.5 This study reports on the ET rates for three Northern for winter wheat (Triticum aestivum L.). Precipitation
Great Plains grasslands. The objective was to determine events also affect the rate of water loss from grasslands.
ET rates for grazed and ungrazed native prairie in the Parton et al. (1981) showed that the greatest water loss Northern Great Plains grasslands and for a grazed site from a shortgrass steppe occurred within 2 to 14 d after that had been seeded to western wheatgrass. Informaa large precipitation event.
tion has been previously lacking on rates and seasonal dynamics of ET for the predominately cool-season grazed grasslands of the Northern Great Plains.
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MATERIALS AND METHODS
ployer, and all agency services are available without discrimination. The mention of commercial products in this paper is solely to provide
The three sites were located at the Northern Great Plains ), all of which are typically found in mixed-grass bucket rain gage. All data generated from the BREB system prairie ecosystems. The western wheatgrass site was 76% westwere captured with a model 21X data logger (Campbell Sci.). ern wheatgrass with minor components of Kentucky bluegrass, During the course of the study, instances of spurious data crested wheatgrass, and broadleaf forbs. The soil is a Werneroccurred. These data were interpolated by averaging the preSen-Chama complex (loam, silt loam, and silty clay loam Entic ceding and following flux calculations. Data modifications of and Typic Haploborolls) on slopes varying from 2 to 10%.
this nature occurred most often near sunrise and sunset and The sites have not had fertilizer or herbicides applied or been occurred approximately 2% of the time over all years and sites. burned since being purchased in 1912.
Volumetric soil water content was determined at 3.8-cm Plant biomass and green leaf area were measured about depth with frequency-domain reflectometry methods (Model every 21 d beginning in mid-April through mid-October each CS615 Water Content Reflectometer, Campbell Sci.) every 20 year. Four representative 0.25-m 2 quadrats located within 40 m min throughout the ET measurement period. Soil temperature of the instrument tower (see below) were clipped at the soil was measured with copper-constantan thermocouples at surface and manually separated into green stems and leaf 3.8-cm depth. Soil water extraction from the 0-to 1.2-m depth fractions. A belt-driven photoelectric area meter was used to was determined by measuring soil water content by neutron measure the leaf area for calculating the LAI. All stem and attenuation on 9 d in 1996 and 1997 and 8 d in 1998. Two leaf biomass was oven-dried and weighed to obtain total access tubes were located within 5 m of the instrument towers. aboveground biomass.
Statistical analysis was conducted using SAS PROC Energy balance measurements were made using the Bowen MIXED with repeated measures (Littell et al., 1996) . Evaporatio energy balance (BREB) system (Model 023/CO 2 Bowen transpiration, microclimate, and biomass measurements were ratio system, Campbell Sci., Logan, UT, USA). Water vapor obtained over dates for each site in 1996, 1997, and 1998. The fluxes were measured at the three sites from 24 April through primary objective was to compare seasonal and total ET rates 17 October in 1996 , 1997 , and 1998 during the growth period from 24 April to 17 October. The was located within each site to provide at least 200 m of fetch covariance structure used to fit the repeated measure was a in all directions. The greatest distance between towers was first-order autoregressive model. Sites and dates were consid-790 m. The towers at the grazed sites were enclosed with a ered fixed effects, and years were random effects, with sites ϫ fence. The vegetation inside the fence was maintained at simiyears as repeated. Means were obtained with the lsmeans lar height to the grazed area by using a weed-whip tool. Bowen statement. Significance among sites, dates, and the sites ϫ ratio was calculated from temperature and humidity gradients dates interaction was tested by appropriate F ratios, and mean measured every 2 s from arms placed at 1 and 2 m above the differences were compared using Tukey's test. canopy. Water vapor flux was calculated using the Bowen ratio, average net radiation (Model Q*7 net radiometer, Radiation and Energy Balance Syst., Seattle, WA, USA), average
RESULTS AND DISCUSSION
soil heat flux calculated from two soil heat flux plates (Model The close proximity (790 m) of the three sites resulted HFT, Radiation and Energy Balance Syst.), and soil temperatures measured above the plates according to Dugas (1993) in similar amounts (Table 1 ) and distribution of precipi- for grazed prairie, and 1725 for western wheatgrass. Biomass averaged across sample dates was significantly tation received over years; thus, precipitation received greater for western wheatgrass (725 kg ha Ϫ1 ) compared at each site during the measurement period was averwith the prairie (450 kg ha Ϫ1 ) and grazed prairie (498 aged (Fig. 1) . Long-term (86 yr) annual precipitation kg ha Ϫ1 ). Maximum LAI was closely associated with for an adjacent weather station is 404 mm. Annual prebiomass accumulation within and over years (Fig. 2) . cipitation exceeded the long-term amounts by 82 mm Peak LAI over years averaged 0.38 for the prairie, 0.44 in 1996 and 113 mm in 1998, but in 1997, precipitation for grazed prairie, and 0.59 for western wheatgrass. Leaf was 59 mm less than the long-term average. Generally, area index averaged across sample dates was signifisoil water tracked precipitation received, especially cantly greater for western wheatgrass (0.28) compared when the 10-d average precipitation totals exceeded with the prairie (0.17) and grazed prairie (0.19). Biomass 50 mm (Fig. 1) . Soil water content over sites and years production from prairie grasslands in the Northern averaged 0.4 m 3 m Ϫ3 at the beginning of the measureGreat Plains is primarily a function of timing and quanment period, decreased to 0.2 m 3 m Ϫ3 or less during tity of precipitation (Rogler and Haas, 1947) . Similarly at least a single 10-d period each year, and increased in this study, more biomass was produced in 1996 than substantially at the end of the measurement period in 1997 and 1998, and soil water content was also higher 1997 and 1998, but not in 1996. in 1996 (0.30 ). Annual precipitation was greatest in 1998; began to develop in mid-April, reached peak biomass however, large precipitation events occurred in August amounts in early July to mid-August, and then de-(145 mm) and October (101 mm) (Fig. 1) , which was creased rapidly through late October (Fig. 2) . The date of minimal benefit for biomass production. of peak green aboveground biomass for the three sites Measurements of net radiation, soil temperature, and air temperature for the sites in 1997 are presented as was similar within years but differed over years: Peak partitioning of energy between evaporating water (LE) and heating the air above the surface (H) (Fig. 4) . During this 40-d period, the Bowen ratio was nearly a reverse image of ET. Rates of ET were generally greater than 4 mm d Ϫ1 for the first 20 d and then declined until precipitation received on days 216, 217, and 218 provided water that increased ET to near the previous rates. During the period of high ET, the Bowen ratio was low and essentially the same for the three sites, but as ET decreased, the Bowen ratio increased because more available energy was partitioned to H. The Bowen ratio was less than 1 when ET was near or exceeded 4 mm d Ϫ1 and was near 2 when ET decreased to near 2 mm d Ϫ1 . During the period from 12 July to 2 August, when essentially no precipitation was received, a greater amount of available energy was partitioned to H than LE, but with the greater variability in data, site differences were not apparent. These results follow those of Bremer et al. (2001) , who reported that with grazing, more energy was partitioned to H in a tallgrass prairie of soil water from the 0-to 1.2-m soil depth than during the prior and later periods. The season-long pattern of the amount of net radiarepresentative of all years (Fig. 3) . The 10-d average net radiation exceeded 250 W m Ϫ2 until early autumn tion energy used in ET, the LEt/Rn ratio, increased during spring green-up when soil water was adequate and then gradually declined, coinciding with decreases in plant LAI and green biomass. Average net radiation for rapid vegetative growth ( Table 2) . As soil water became limiting and growth conditions became less fafor the measurement period ranged from 286 to 302 W m Ϫ2 over all sites and years, except for the prairie site vorable, the LEt/Rn ratio decreased (Fig. 5) . The site ϫ date interaction for LEt/Rn was not statistically signifiin 1996 when average net radiation was only 255 W m Ϫ2 (Table 1) . Net radiation was less at each site in 1996 cant. The 3-yr average LEt/Rn ratio was lowest for the grazed prairie (0.25) and highest for the prairie (0.28) than in 1997 and 1998. Soil and air temperatures increased from about 8ЊC at start of the measurement site, but differences were not statistically different (Table 2) . Hanks et al. (1968) reported ratios of 0.16 period in April to about 22ЊC in July and then decreased to near the April temperatures by late October. Seasonfor dry soil conditions and 0.97 for wet soil conditions. Since soil water content was about the same for all sites long average air temperature, soil temperature, net radiation, and soil water content were similar among treatwithin years (Fig. 1) , the low LEt/Rn ratios for the grazed prairie suggest that less energy from net radiation ments within years, except for net radiation in 1996 (Table 1) .
was used for ET and more went to heating the soil and air (H) than for the prairie and western wheatgrass sites. The period from 29 June to 8 August 1998, a period of active plant growth, was selected to evaluate the Similarly, Ham and Knapp (1998) found that energy 1997, and 1998 growing period for prairie, grazed prairie, and grazed western wheatgrass. Statistical analysis showed P Ͼ F, sites ϭ 0.34; P Ͼ F, days ϭ 0.0001; P Ͼ F, site ϫ days ϭ NS.
fluxes during senescence caused a shift from a LE-to a H-driven system. The site ϫ date interaction and daily ET rates were similar to the 6.1% decrease in ET reported by Bremer not statistically significant (Fig. 6 ). There was a trend et al. (2001) (Fig. 7) . The overall at peak aboveground biomass in mid-July for all sites trend was for grazed prairie to have the lowest and and was 4.7 mm d Ϫ1 for the prairie, 4.4 for the grazed western wheatgrass the greatest cumulative ET throughprairie, and 4.7 for the western wheatgrass. Daily ET out the measurement period. Western wheatgrass exhibpartitioned into 50-d increments selected to match ited greater cumulative ET rates before day 175 (24 spring (5 May to 24 June), summer (24 June to 13 AuJune), which can be attributed to the earlier growth of gust), and autumn (13 August to 5 October) periods was not statistically different across sites; however, daily aboveground biomass in western wheatgrass compared ET was greater (P Ͼ F ϭ 0.1) during the summer than with species in the native prairie. The prairie site has a the autumn period (Table 3) . Season-long 3-yr average greater species diversity, which includes warm-season ET was lower for the grazed prairie (455 mm) compared grasses that are more productive later in the growing with the prairie (489 mm) and western wheatgrass period than the cool-season western wheatgrass. This is (497 mm) (Table 2) . Overall, ET of the grazed prairie supported by the increase rate in cumulative ET for the was 7% less than the nongrazed prairie site and 8% less prairie site from about day 200 (19 July). The lower than western wheatgrass, and ET for the prairie and rate of cumulative ET for the grazed prairie site can be western wheatgrass sites was similar. These results were attributed to the removal of leaf area following day 200 and the lack of adequate soil water to support regrowth. 2.4 2.4 2.6 2.5b † Statistical analysis showed P Ͼ F, sites ϭ NS; P Ͼ F, period ϭ 0.09; P Ͼ F, sites ϫ period ϭ NS. Period averages with different letters are different at 0.16 level of probability by the Tukey test.
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